Abstract: This paper considers employing missile guidance concepts to design motion control systems for marine craft. Initially, classical concepts such as line of sight (LOS), pure pursuit (PP), and constant bearing (CB) are reviewed. Subsequently, the relationship of these concepts to motion camouflage strategies in nature is pointed out, as well as their application to robot manipulators. Ultimately, the CB guidance scheme is used to design a motion control system for fully actuated marine surface craft. For this purpose, the notion of asymptotic interception becomes fundamental, as the motion control goal is not to hit a physical target in finite time, but to hit a virtual target asymptotically. A modular control design inspired by backstepping and cascade theory results in a classical inner-outer loop guidance and control structure. Copyright c°2007 IFAC
INTRODUCTION
According to Shneydor (1998) , guidance is defined as: The process for guiding the path of an object towards a given point, which in general may be moving. Furthermore, the father of inertial navigation, Charles Stark Draper, states in (Draper 1971 ) that: Guidance depends upon fundamental principles and involves devices that are similar for vehicles moving on land, on water, under water, in air, beyond the atmosphere within the gravitational field of earth and in space outside this field. The most rich and mature literature on guidance is probably found within the guided missile community. In (Locke 1955) , a guided missile is defined as: A space-traversing unmanned vehicle which carries within itself the means for controlling its flight path. Guided missiles have been operational since World War II (Spearman 1978) , so organized research on guidance theory has been conducted almost as long as organized research on control theory. The continuous progress in missile hardware and software technology has made increasingly advanced guidance concepts feasible for implementation. Today, missile guidance theory encompass a broad spectrum of guidance laws, namely: classical guidance laws; optimal guidance laws; guidance laws based on fuzzy logic and neural network theory; differentialgeometric guidance laws; and guidance laws based on differential game theory.
A classical text on missile guidance concepts is (Locke 1955) , while more recent work include (Lin 1991) , (Shneydor 1998) , (Zarchan 2002) , and (Siouris 2004) . Relevant survey papers include (Pastrick et al. 1981) , (Cloutier et al. 1989) , (Lin and Su 2000) , and (White and Tsourdos 2001) . Very interesting personal accounts of the guided missile development during and after World War II can be found in (Haeussermann 1981) , (Battin 1982) , and (Fossier 1984) , while MacKenzie (1990) and Westrum (1999) put the development of guided missile technology into a larger perspective.
The fundamental nature of guidance principles implies that the successful application of such principles to guided missiles for military purposes can be repeated for the purpose of controlling the motion of vehicles in general. Specifically, this paper investigates how missile guidance concepts can be applied to design motion control systems for marine craft.
MISSILE GUIDANCE CONCEPTS
In the missile guidance literature, the object that is supposed to destroy another object is commonly referred to as a missile, an interceptor, or a pursuer. Conversely, the threatened object is typically called a target or an evader. In this paper, we will employ the denotations interceptor and target.
It is also fruitful to distinguish between a maneuvering and a non-maneuvering object. A maneuvering object experiences acceleration (linear or angular, or both), while a non-maneuvering object does not. Hence, a non-maneuvering object is either stationary or executes straight-line motion with constant speed.
An interceptor typically undergoes 3 phases during its operation; a launch phase, a midcourse phase, and a terminal phase. The greatest accuracy demand is associated with the terminal phase, where the interceptor guidance system must compensate for the accumulated errors from the previous phases to achieve a smallest possible final miss distance to the target. A perfect hit is often not required in practice due to the destruction radius of the interceptor warhead.
Inspired by the expositions in (Locke 1955) , (Adler 1956) , and (Shneydor 1998), we now briefly review 3 terminal guidance strategies, whose associated geometric principles are illustrated in Figure 1 .
Line of Sight
Line of sight (LOS) guidance is classified as a socalled three-point guidance scheme since it involves a (typically stationary) reference point in addition to the interceptor and the target. The LOS denotation stems from the fact that the interceptor is supposed to achieve an intercept by constraining its motion along the line of sight between the reference point and the target. LOS guidance has typically been employed for surface-to-air missiles, often mechanized by a ground station which illuminates the target with a beam that the guided missile is supposed to ride, also known as beam-rider guidance. The LOS guidance principle is illustrated in Figure 1 , where the associated linear velocity command is represented by a solid yellow vector emanating from the interceptor.
Pure Pursuit
Pure pursuit (PP) guidance belongs to the so-called two-point guidance schemes, where only the interceptor and the target are considered in the engagement geometry. Simply put, the interceptor is supposed to align its linear velocity along the line of sight between the interceptor and the target. This strategy is equivalent to a predator chasing a prey in the animal world, and very often results in a tail chase. PP guidance has typically been employed for air-to-surface missiles. The PP guidance principle is represented in Figure 1 by a dotted blue vector radiating from the interceptor. Deviated pursuit guidance is a variant of PP guidance where the linear velocity of the interceptor is supposed to lead the interceptor-target line of sight by a constant angle in the direction of the linear velocity of the target. An equivalent term is fixed-lead navigation.
Constant Bearing
Constant bearing (CB) guidance is also a two-point guidance scheme, with the same engagement geometry as PP guidance. However, in a CB engagement the interceptor is supposed to align the relative interceptor-target linear velocity along the line of sight between the interceptor and the target. This goal is equivalent to reducing the LOS rotation rate to zero such that the interceptor perceives the target at a constant bearing, closing in at a direct collision course. CB guidance is often referred to as parallel navigation, and has typically been employed for air-to-air missiles. Also, the CB rule has been used for centuries by mariners to avoid collisions at sea; steering away from a situation where another vessel approaches at a constant bearing. Hence, guidance principles can just as well be applied to avoid collisions as to achieve them. The CB guidance principle is indicated in Figure 1 by a dash-dotted green vector originating at the interceptor.
The most common method of implementing CB guidance is to make the rotation rate of the linear velocity of the interceptor directly proportional to the rotation rate of the interceptor-target LOS. This method is widely known as proportional navigation (PN), and has been shown to be optimal for engagement scenarios involving non-maneuvering targets.
Interestingly, when relating guidance concepts to control concepts, CB guidance seems to resemble tracking control, while PP guidance resembles stabilizing control. For example, CB guidance becomes equal to PP guidance for a stationary target. Also, guidance theory involving non-maneuvering targets has similarities with control theory for linear systems, just as guidance theory involving maneuvering targets has similarities with control theory for nonlinear systems.
GUIDANCE CASE STUDIES
To underline the fundamental nature and diverse applicability of guidance principles, we now briefly present two illustrating examples.
Motion Camouflage
In nature, some predators are able to conceal their pursuit of prey by resorting to so-called motion camouflage techniques (Mizutani et al. 2003) . They adjust their movement according to their prey such that the prey perceive them as stationary objects in the environment. These predators take advantage of the fact that some creatures detect the lateral motion component relative to the predator-prey line of sight far better than the longitudinal component. Hence, approaching predators can appear stationary to such prey by minimizing the relative lateral motion, only changing in size when closing in for the kill. Such behavior is also reported for mating rituals and territorial disputes.
It seems that two main strategies of motion camouflage are in use; camouflage against an object close by and camouflage against an object at infinity. The first strategy clearly corresponds to LOS guidance, while the second strategy equals CB guidance since it entails a non-rotating predator-prey line of sight. In fact, when considering motion camouflage against an object at infinity, Justh and Krishnaprasad (2006) and Reddy et al. (2006) obtained a variant of proportional navigation from their nominal differential-geometric results for 2D and 3D scenarios, respectively.
Robotic Interception
Since the early 1970s, a lot of research effort has been put into the problem of time-optimal motion planning for robot manipulators operating in dynamic environments, but most of the suggested online optimization methods were too computationally demanding for real-time implementation. However, Piccardo and Honderd (1991) proposed a computationally simple concept by using a variant of proportional navigation to achieve an intercept between the manipulator end effector (interceptor) and an object moving in a straight line (non-maneuvering target). Unfortunately, the design did not include terminal velocity matching between the interceptor and the target. This feature was included in (Mehrandezh et al. 2000) , where a hybrid scheme involving switching between PN guidance and conventional trajectory tracking was proposed to ensure interceptor-target rendezvous for maneuvering targets. Later, Agah et al. (2004) suggested employing so-called rendezvous guidance (Jensen 1984) to render the switching scheme superfluous. Hence, position matching (typically by PN guidance) and velocity matching are performed simultaneously. Similar applications are found in (Kunwar et al. 2006) and (Belkhouche and Belkhouche 2006) .
MARINE MOTION CONTROL
Motion control is a fundamental enabling technology for any vehicle application. Today, humans typically control vehicles through maneuver-by-wire technology, where computers are responsible for (tacticallevel) motion control, while humans take care of the (strategic-level) motion planning. In this paper, we do not consider motion-planning aspects, but focus solely on motion control system design. Specifically, we want to apply missile guidance concepts to achieve tracking of a state space target point that is instantaneously calculated by a strategic motion-planning component in the vessel control hierarchy. A relevant application is reported in (Sørensen et al. 2001) , where a dynamically positioned surface vessel must maneuver so as to minimize bending stresses along a marine riser, which is a pipe that is connected between the vessel and a point on the sea floor. Hence, we focus on how to track a target point that is only available instantaneously, and for which no future trajectory information exists. This objective corresponds to an intercept scenario for guided missiles, and encompass both point stabilization and trajectory tracking.
Dynamic Model of a Marine Surface Craft
A 3 degree-of-freedom (DOF) dynamic model of the horizontal surge, sway, and yaw modes can be found in (Fossen 2002) , and consists of the kinematicṡ
and the kinetics
where η , [x, y, ψ] > ∈ R 3 represents the earthfixed position and heading; ν , [u, v, r] > ∈ R 3 represents the vessel-fixed velocity; R(ψ) ∈ SO(3) is the transformation matrix
that transforms from the vessel-fixed BODY frame to the earth-fixed NED frame; M is the inertia matrix; C(ν) is the centrifugal and coriolis matrix; while D(ν) is the hydrodynamic damping matrix. The system matrices satisfy the properties M = M > > 0, C = −C > and D > 0. The vessel-fixed propulsion forces and moment is represented by τ = [τ X , τ Y , τ N ] > ∈ R 3 , corresponding to a fully actuated vessel. Full actuation means that all 3 DOFs can be controlled independently at the same time, i.e., the linear velocity direction is independent of the vessel heading. Finally, b represents low-frequency earthfixed environmental disturbances. Note that standard solutions to wave filtering and control allocation are readily applicable to fully actuated craft that employ the motion control concept proposed in this paper.
Motion Control Problem
The considered motion control problem for a fully actuated marine surface craft can be stated by
where
represents the desired earth-fixed position and heading to be tracked, i.e., the state space target point to be intercepted. Hence, while the objective in terminal missile guidance is to hit a physical target in finite time, our objective is to hit a virtual target asymptotically, i.e., to achieve a rendezvous with the state space target point by asymptotic interception.
Motion Control Design
In order to solve our motion control problem, we employ a modular control design procedure inspired by backstepping (Krstić et al. 1995) and cascade theory (Panteley et al. 1998) to develop a motion control system with a classical inner-outer loop guidance and control structure, where the inner loop handles the vessel kinetics and the outer loop handles the kinematics. This particular design procedure was originally suggested in , while a qualitatively similar concept was reported in (Kaminer et al. 2005) . However, that concept differs quantitatively in both design and analysis to our approach.
We start by using nonlinear model-based control theory to design a kinetic controller that is responsible for the vessel velocity, and proceed to use guidance theory to design a kinematic controller that is responsible for feeding the kinetic controller with control commands that solve the motion control problem.
Kinetic Control Design
Consider the positive definite and radially unbounded Control Lyapunov Function (CLF)
representing a so-called vector of stabilizing functions (Krstić et al. 1995) yet to be designed. Also,b
represents an adaptation error whereb is the estimate of b, and by assumptionḃ = 0. Finally, Γ = Γ > > 0 is the so-called adaptation gain matrix.
Subsequently, differentiate the CLF with respect to time to obtaiṅ
, which is equal tȯ
, or equivalentlẏ
by recognizing that ν = z ν + α and b =b −b. Since z > ν Cz ν = 0, by selecting the kinetic control law
and by choosing the disturbance adaptation update law aṡ
we ultimately obtain the negative semi-definitė
( 1 0 ) Considering the vector ζ ,
we can now state the following proposition Proposition 1. The equilibrium point ζ = 0 is rendered uniformly globally asymptotically and locally exponentially stable (UGAS/ULES) by adhering to (8) and (9) under the assumption that α andα are uniformly bounded.
PROOF.
The proposed result follows by straightforward application of Theorem 1 in (Fossen et al. 2001) .
Note that the kinetic controller only ensures that the vessel attains the requested velocity of α. Consequently, the meaningfulness of the resulting vessel motion depends solely on this vector, which represents the kinematic controller to be designed next.
Kinematic Control Design
The concepts corresponding to LOS guidance and PP guidance are well-known in the established literature on marine control systems (Fossen 2002) . One application involves a vessel that is supposed to follow a sequence of straight-line segments, each defined by two consecutive waypoints. This application is equivalent to a sequence of LOS guidance scenarios, where for each segment the previous waypoint corresponds to the reference, the next waypoint corresponds the (stationary) target, and the vessel corresponds to the interceptor; see Figure 1 . Another application involves tracking the waypoints themselves, which is equivalent to a series of PP guidance scenarios where each waypoint corresponds to a stationary target.
Here, we consider the application of CB guidance to achieve tracking of a virtual target point for which no future trajectory information exists. The corresponding concept of asymptotic interception was originally suggested in .
Consider the positive definite and radially unbounded CLF
is the LOS vector between the position and heading (pose) of the interceptor (marine craft) and the target (desired pose). Our goal is to make this LOS vector disappear asymptotically, which corresponds to (4).
Consequently, differentiate the CLF with respect to time to obtaiṅ
Subsequently, by defining an earthfixed stabilizing function
we can implement CB guidance through
which means that the relative interceptor-target velocity command is aligned along the LOS. Furthermore, we can choose
where U c represents the closing speed between the interceptor and the target, for instance chosen as
where both U c,max and 4 are positive and bounded, such that we obtain the kinematic control law
corresponding tȯ
We can now write the combined system dynamics of z η and ζ as
which is a pure cascade where the kinetic subsystem Σ 2 perturbs the kinematic subsystem Σ 1 through the interconnection matrix
Considering ξ , Proposition 2. The equilibrium point ξ = 0 becomes UGAS/ULES when applying (8) and (9) with (17).
PROOF. Since the origin of system Σ 2 is shown to be UGAS/ULES in Proposition 1, the origin of the unperturbed system Σ 1 (i.e., when ζ = 0) is trivially shown to be UGAS/ULES by applying standard Lyapunov theory to (11) and (18), and the interconnection term satisfies |g 1 (t)| = 1, the proposed result follows directly from Theorem 7 and Lemma 8 of (Panteley et al. 1998) .
Proposition 2 shows that the motion control problem as stated in (4) has been solved. The attained stability result is otherwise known as global κ-exponential stability, as defined in (Sørdalen and Egeland 1995).
The resulting inner-outer loop guidance and control structure is illustrated in Figure 2 . A nice helmsmanlike feature of the suggested approach is the ability to explicitly specify the closing speed between the marine craft and its desired pose. Also, the proposed design procedure is directly applicable to any fully actuated mechanical system.
CONCLUSIONS
This paper considered the employment of missile guidance concepts to the design of motion control systems for marine craft. Initially, classical concepts such as line of sight (LOS), pure pursuit (PP), and constant bearing (CB) were reviewed. Subsequently, the relationship of these concepts to motion camouflage and robot manipulator applications was pointed out. Ultimately, the CB guidance scheme was used to design a motion control system for fully actuated marine surface craft, resulting in a classical inner-outer loop guidance and control structure.
